Student's t test) of newborn periglomerular neurons. The area of GCL was also reduced by odor deprivation (1.17 ± 0.11 mm 2 in occluded and 1.48 ± 0.15 mm 2 in Results control bulbs; n = 6; p < 0.01, paired Student's t test; Figure 1D ). This meant that, despite the decrease in cell Odor Deprivation Reduces the Number number, occlusion produced no change in the density of Newborn Granule Cells of newborn granule cells (controls, 984 ± 155 cells/ To investigate whether sensory activity regulates the mm 2 ; deprived bulbs, 952 ± 156 cells/mm 2 ; n = 6; p > number of newborn interneurons, we quantified their 0.05, paired Student's t test; Figure 1E ). To determine abundance in the MOB following unilateral odor depriwhether sensory deprivation also alters cell fate, we esvation using 5-bromo-2#-deoxyuridine (BrdU) as a cell timated the proportion of cells double labeled for BrdU division marker. In agreement with previous results and the neuronal marker NeuN ( Figure 1F ). Orthogonal (Brunjes, 1994) , 30-40 days of odor deprivation starting projections through 3D reconstructed BrdU + cells reat postnatal days 4-5 (P4-P5) reduces MOB size (Fig- vealed that in both conditions about 85% of newborn ure 1A). It also decreases the number of newborn cells cells were neurons (n = 400 and 380 BrdU + cells for labeled at P16 and counted 21 days later in the granule control and odor-deprived bulbs, respectively, from four cell layer (GCL) (1370 ± 216 and 1053 ± 157 for control animals; p > 0.05, paired Student's t test; Figure 1G ). and odor-deprived bulbs, respectively; n = 6; p < 0.01, It has been demonstrated that a reduced number of paired Student's t test; Figures 1B and 1C) . The renewborn cells following sensory deprivation is mainly duced number of newborn cells was not due to a dedue to their decreased survival rate after they have crease in proliferation rate, since quantification of reached and positioned themselves in the GCL (PetBrdU + profiles in the SVZ-RMS area, 4 hr after BrdU reanu and Alvarez-Buylla, 2002), processes that take injections, did not reveal any significant difference beabout 2 weeks in both newborn and adult rats (Luskin, tween control and occluded bulbs (respectively, 450 ± 1993; Winner et al., 2002). Thus, it is likely that the re-25 and 433 ± 18 cells; n = 4; p > 0.05, paired Student's duction in number of newborn granule cells observed t test). The reduction in newborn cell number was spein our experiments takes place during the last 7-10 cific to the GCL, as no change was found in the glomerular layer in terms of number (controls, 68.1 ± 15; ocdays of the BrdU postinjection period. Bearing in mind this critical time period required for the survival of newcluded bulbs, 261.5 ± 21.1 m; n = 15 cells per condition from two animals; p < 0.05, unpaired Student's born granule cells, and also observations demonstrating high local production of granule cells in the MOB t test) was accompanied by a 30% reduction in the size of EPL (controls, 2.75 ± 0.01 m; occluded bulbs, during the first postnatal week (Hinds, 1968) , we investigated whether sensory deprivation also affects the 2.11 ± 0.01 m; n = 15 cells per condition from two animals; p < 0.05, unpaired Student's t test). Interestpreexisting population of granule cells. When the resident population of granule cells produced locally in the ingly, newborn granule cells in the odor-deprived bulb also demonstrate a 2-fold reduction in spine density MOB was labeled by a single BrdU injection in P2 pups, sensory deprivation performed at P4 failed to reduce (from 0.20 ± 0.01 spine/m in controls to 0.11 ± 0.007 spines/m in occluded bulbs, respectively; n = 40 cells their number 7 days later (390.9 ± 43.4 and 397.3 ± 46.6 for control and odor-deprived bulbs, respectively; n = 3; from three animals; p < 0.01, unpaired Student's t test; Figures 2C and 2D ). These results demonstrate that p > 0.05, paired Student's t test). Together, these results demonstrate that odor deprivation specifically reduced sensory activity is essential for the normal growth of newborn granule cell dendrites, and for normal newthe number of newborn neurons located in the GCL, but not those positioned in the glomerular layer, without born cell spine density. To explore whether sensory deprivation also affects changing the proliferation rate or the GCL cell density.
the dendritic architecture and spine density of the preexisting population of granule cells, we injected DiI diOdor Deprivation Affects the Maturation rectly to the P3 MOB and analyzed cell morphology 10 of Newborn Granule Cells days later. This time was chosen because the effect of Although the density of newborn granule cells remains sensory deprivation on newborn granule cell architecunchanged in deprived bulbs, it is plausible that senture and spine density is likely taking place during the sory deprivation alters their morphology and/or their last 7-10 days of GFP vector postinjection, when laspine density. To explore this, neuronal precursors were beled precursors finish their migration and positioning labeled in the SVZ using a GFP-expressing lentiviral in the GCL. Additionally, it is conceivable that granule vector, and newborn neurons were morphologically ancell progenitors born in the SVZ and RMS after sensory alyzed in the GCL, 25 days after the vector injection deprivation performed at P4 are not yet incorporated and following 45 days of odor deprivation. Interestingly, into the MOB network, thus providing a more or less newborn granule cells displayed a less complex morhomogenous population of resident granule cells at this phology in occluded bulbs as compared to controls time point. The length of the primary dendrite as well (Figure 2A ). Odor deprivation drastically reduced the as the entire dendritic tree was very similar for this prelength of the apical dendrite from the soma to the first existing granule cell population in control and occluded point of ramification (e.g., the primary dendrite) (conbulbs (controls, 128.5 ± 19 m and 129.4 ± 24.3 m; trols, 168.1 ± 10.1 m; occluded bulbs, 101.2 ± 7.9 m; occluded bulbs, 126.5 ± 7.4 m and 114.6 ± 9.7 m; n = 40 cells per condition from three animals; p < 0.01, n = 12 cells per condition from two animals; p > 0.05, unpaired Student's t test; Figure 2B ). The total length unpaired Student's t test; Figures 2E and 2F) . Similarly, of the dendritic tree was also significantly reduced no difference in the spine/filopodia density of DiI-(controls, 332.6 ± 24.9 m; occluded bulbs, 245.4 ± labeled granule cells was observed following sensory 24.5 m; n = 40 cells per condition from three animals; deprivation (0.14 ± 0.01 spine/m and 0.13 ± 0.01 p < 0.05, unpaired Student's t test; Figure 2B ). Since spines/m in the control and occluded bulbs, respecodor deprivation decreases the overall size of the MOB, tively; n = 30-40 cells from two animals; p > 0.05, unthe reduced length of the dendritic arborization might paired Student's t test; Figures 2G and 2H ). These resimply arise from general shrinkage of the GCL and the sults strongly suggest that sensory deprivation external plexiform layer (EPL). To explore this possispecifically affects the morphology and spine density bility, we normalized the length of the primary dendrite of the newborn, but not the preexisting, granule cell as well as the entire dendritic tree of newborn granule population. cells with respect to the 25% reduction in the size of the GCL and the EPL measured in the same slices. Interestingly, whereas the length of the primary dendrite Consequences of Odor Deprivation on Spontaneous Synaptic Transmission in the MOB was still significantly smaller in deprived bulbs (controls, 168.1 ± 10.1 m; occluded bulbs, 126.5 ± 9.9 m;
To investigate the functional consequences of a reduced spinogenesis in newborn granule cells, we emn = 40 cells per condition from three animals; p < 0. Application of the broad-spectrum ionotropic glutation also occurs in the absence of glutamatergic recep-quent bath application of the Na + channel blocker TTX (1 M) further reduced the frequency of glutamateindependent spontaneous inhibitory postsynaptic currents (sIPSCs) (33.2 ± 7.3% reduction, n = 8; p < 0.001; Figure 3A ). As previously found for mice (Castillo et al., 1999), the frequency of spontaneous synaptic events was more strongly attenuated by Kyn than by TTX (Figure 3A) , demonstrating the importance of glutamateinduced GABA release by the tonic form of inhibition. These recordings further demonstrate that mitral cells receive sPSCs driven by glutamate receptor activation and occurring at high frequency, sIPSCs triggered by action potentials and occurring with lower frequency and, finally, inhibitory postsynaptic currents (IPSCs) independent of both glutamate receptor activation and action potentials, here called miniature IPSCs (mIPSCs).
Having isolated the three types of GABAergic events in mitral cells, we then investigated their potential changes following odor deprivation. Similar to the control situation, applications of Kyn and TTX strongly affected the frequency, but not the amplitude, of sPSCs in mitral cells from odor-deprived bulbs ( Figure 3A) . Interestingly, while frequencies of sPSCs and sIPSCs were only slightly decreased following odor deprivation ( Figures 3C and 3E ), the reduction of mIPSC frequency was much more severe ( Figure 3G ). Such a reduction is consistent with our finding of reduced spine density in newborn granule cells and implies that newborn granule cells play an important role in providing a strong inhibition on output neurons. Additionally, a highly significant reduction in the frequency of mIPSCs coupled with only subtle modifications in the frequency of sIPSCs further demonstrates that the contribution of action potential-dependent GABA release might be altered following odor deprivation. Quantifying the percentage reduction in the sIPSC frequency following ap- 
Bidirectional Modulation of Evoked Synaptic Responses following Nostril Occlusion
To assess whether restriction in the degree of sensory matergic antagonist kynurenate (Kyn; 5 mM) to control bulb slices strongly decreased the frequency (62.2% ± inputs might decrease evoked granule-to-mitral cell responses, mitral cells were transiently depolarized using 4.5% reduction; n = 8; p < 0.001), but not the amplitude (2.4% ± 10.5% reduction; n = 8; p > 0.05), of spontanevoltage steps. Release of glutamate induced by depolarizing mitral cells has been shown to excite granule ous postsynaptic currents (sPSCs) ( Figure 3A ). Subse- correlated with an underlying change in intrinsic cur-± 490 ms in occluded bulbs; n = 6; Figure 5C ), nor the rents using the conventional whole-cell technique. We dominant frequency (44 ± 10 Hz and 46 ± 5 Hz in conidentified several voltage-dependent conductances trols and occluded bulbs, respectively; n = 6; Figure 5D ) in granule cells from the control and odor-deprived of these rhythms. Since LFP oscillations mainly reflect bulbs by applying a series of depolarizing steps under the synchronizing activity of output neurons, we condifferent pharmacological conditions. First, the restclude that sensory deprivation does not alter the syning membrane potential, measured immediately after chronization of mitral cells. In summary, odor deprivabreaking the patch membrane, was unchanged (oction reduces the spine density of newborn granule cells cluded bulbs, −59.1 ± 0.7 mV; controls, −58.9 ± 0.7 mV; and therefore the frequency of mIPSCs impinging on n = 20). We then compared the Na + current in control mitral cells. Yet GABAergic inhibition and the oscillatory and odor-deprived bulbs. Although the normalized activity of output neurons are preserved. What cellular maximum Na + current amplitude was not modified (−160 ± 26 pA/pF and −160 ± 42 pA/pF, for control and mechanisms might support this adjustment? occluded bulbs, respectively), its voltage dependency was shifted toward more hyperpolarized membrane potentials in deprived bulbs (data not shown).
These experiments, however, do not allow us to distinguish whether the overall population of granule cells displays increased excitability or whether this effect is more specific to newborn cells. Therefore, we recorded newborn, GFP-labeled, and preexisting granule cells. To assess the excitability and Na + current of the resident population of granule cells, we performed recordings in P15 MOB slices knowing that neurons born in the SVZ and RMS after P4 would not have had enough time to arrive and fully differentiate into granule cells and thus sufficiently contribute to the total granule cell population. Interestingly, when preexisting granule cells were recorded in control and occluded bulbs, not a single cell displayed spontaneous spiking activity in the cell-attached mode (n = 5 for each condition; Figure  6A ). Similarly, Na + current recorded from the same cells, after rupturing the membrane, showed a similar current density (−92.7 ± 22.6 pA/pF and −95.1 ± 26.7 pA/pF, for control and occluded bulbs, respectively) and voltage dependency ( Figures 6A and 6B) . In contrast, when we recorded the excitability of GFP + granule cells in P30-P40 animals, dramatic differences between control and deprived bulbs were found. While amongst seven newborn granule cells recorded in the control bulb only one showed spontaneous spiking activity, three out of five new cells in the occluded bulb displayed increased excitability ( Figure 6C ). Importantly, although no difference in normalized Na + current amplitude was observed in these cells (−154.5 ± 32.4 pA/pF and −168.6 ± 51.2 pA/ pF, for control and occluded bulbs, respectively), there was a clear shift of voltage dependency toward more hyperpolarized values in the deprived bulbs ( Figure 6D ). These results demonstrate that odor deprivation specifically increases the excitability of newborn granule cells via a leftward shift in the voltage dependency of Na + current activation. Granule cells also display prominent transient fast in- left), a single action potential was elicited in the mitral cell with a short (2 nA, 2 ms) somatic current pulse. Action potential propagation in the mitral cell secondary dendrites activated an excitatory postsynaptic potential (EPSP) on the corresponding small oblique branch of the granule cell. The consequent depolarization then propagated to the entire dendritic tree, but the overall somatic depolarization, however, was not sufficient to elicit an action potential at the soma. To mimic the experimental findings on odor deprivation, the same stimulation protocol was repeated after a 10 mV voltage dependency shift toward more hyperpolarized membrane potentials in the deprived bulb ( Figure  6G, right) . Interestingly, the EPSP-triggered depolarization was now able to induce sufficient depolarization at the soma of granule cells to trigger action potentials (compare GC traces in Figure 6G ), indicating that a 10 mV leftward shift in the activation of Na + current is sufficient to support increased excitability of newborn cells following odor deprivation.
To assess whether altered excitatory/inhibitory synaptic inputs to granule cells might also act in concert with this intrinsic change, we recorded spontaneous synaptic events from granule cells. The global spontaneous synaptic activity received by granule cells in occluded bulbs was undistinguishable from that of controls (amplitude, −17 ± 2.5 pA and −16.4 ± 1.4 pA, in controls and occluded bulbs, respectively; n = 8; frequency, 3.35 ± 0.9 Hz and 3.3 ± 0.5 Hz, in controls and occluded bulbs, respectively; n = 8; Figures 7A and 7B) . However, following application of Kyn, the frequency of report, suggest that a reduction in olfactory experience When the length of the dendritic arborization was reinduces relatively little functional damage in spite of the duced by 40%, the EPSP-triggered depolarization was reduction in both neurogenesis and tonic GABAergic now able to reliably trigger action potentials (compare inhibition. Altogether, our results demonstrate that the GC traces in Figure 8 ). This indicates that the same exbulbar neuronal network detects sensory input perturcitatory input impinging onto newborn granule cell denbations to drive experience-dependent plasticity that drites differently affects their spike generation in conpreserves the normal functional state of the bulbar trol and odor-deprived bulbs and thus might be the network. required signal to trigger homeostatic changes. It
Experimental Procedures
should be also noted that this mechanism might serve only to trigger homeostatic plasticity in newborn gran- Morphological data were compared between control and senbody weight). To assess neurogenesis (which includes cell prolifersory-deprived bulbs using the Student's t test. All quantifications ation, migration, differentiation, and survival) in the granule cell were performed blind to the experimental conditions. layer, one group (n = 6) received four BrdU injections (one every 2 hr) at P16 (i.e., 12 days after the unilateral nostril occlusion was Slice Preparation performed) and were killed at P37. To assess proliferation in the Olfactory bulbs of P15 or P35-P40 rats were quickly removed and SVZ, the other group ( 
